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Topological superconductors have long been predicted to host Majorana zero modes which obey non-Abelian
statistics and have potential for realizing non-decoherence topological quantum computation. However, ma-
terial realization of topological superconductors is still a challenge in condensed matter physics. Utilizing
high-resolution angle-resolved photoemission spectroscopy and first-principles calculations, we predict and then
unveil the coexistence of topological Dirac semimetal and topological insulator states in the vicinity of Fermi
energy (EF) in the titanium-based oxypnictide superconductor BaTi2Sb2O. Further spin-resolved measurements
confirm its spin-helical surface states around EF , which are topologically protected and give an opportunity for
realization of Majorana zero modes and Majorana flat bands in one material. Hosting dual topological super-
conducting states, the intrinsic superconductor BaTi2Sb2O is expected to be a promising platform for further
investigation of topological superconductivity.
Topological superconductors have attracted tremendous in-
terest for harboring Majorana bound states on their bound-
aries [1–3]. The non-Abelian Majorana zero modes in the
vortex of topological superconductors are potential for topo-
logical quantum computations without decoherence [4–6]. To
date, several systems have been predicted to host topologi-
cal superconductivity (TSC). Examples include intrinsic odd-
parity superconductors [7–10] and those heterostructures con-
structed by proximity coupling of topological insulators (TIs)
to conventional s-wave superconductors [11–13], which in-
spired enormous experimental efforts to the exploration of
Majorana fermions [14–34]. However, experimentally, the
presence of Majorana zero modes in some of these systems is
still in hot debate. For example, pairing symmetries of several
proposed p-wave superconductors, such as Sr2RuO4 [14, 15]
and CuxBi2Se3 [16–20], are yet inconclusive. On the other
side, although signs of Majorana bound states have been re-
ported in conventional s-wave superconductors with the prox-
imity to TIs, difficulties in fabricating such these heterostruc-
tures and the disturbance of interface physics would inevitably
prohibit their further studies [23–34].
The recent discovery of TI states in the iron-based super-
conductor Fe(Te,Se), combining nontrivial topological states
and superconductivity in a single material, pointed out a new
dimension in realizing Majorana bound states [35–41]. One
later research on Li(Fe,Co)As revealed that iron-based su-
perconductors might generically host multiple types of non-
trivial topological states, e.g., both the TI and topological
Dirac semimetal (TDS), together with unconventional super-
conductivity [42]. Thus, the possible intrinsic TSC therein,
which takes advantage of the proximity effect in the mo-
mentum space, would overcome disadvantages in other im-
plementations of TSC. However, the Dirac point (DP) from
the TDS states of superconducting Li(Fe,Co)As with 3% Co
is located above the Fermi level (EF), and thus the pro-
posed one-dimensional Majorana fermion would not be ex-
pected to dominate the low-energy electronic structure [42].
Meanwhile, seemingly the superconductivity would be inex-
orably suppressed by introducing further charge carriers in
Li(Fe,Co)As [43, 44]. In this regard, it is critical to search for
more practical superconductors with both Dirac cones from
TI and TDS states below EF to realize multiple topological
superconducting states in one material.
In this Letter, we have identified both TI and TDS states
reminiscent of those in iron-based superconductors but with
Dirac cones below EF in superconducting BaTi2Sb2O samples
using angle-resolved photoemission spectroscopy (ARPES)
and first-principles calculations. Furthermore, spin-resolved
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FIG. 1. (a) Crystal structure of layered BaTi2Sb2O. (b) Three dimensional bulk Brillouin zones (black) with (001) surface Brillouin zone
(yellow) projected. High symmetry points are marked. (c) Core-level photoemission spectrum shows characteristic Ba, Ti and Sb peaks. Inset:
Image of high quality BaTi2Sb2O single crystal. (d)(i) and (ii) Comparison between the experimental and bulk calculated constant-energy
surface. (i) is taken at 84 eV photons integrated over the energy window of [EF - 25 eV, EF + 25 eV]. (e) Temperature dependence of resistivity
of BaTi2Sb2O. (f) Calculated band structure in the presence of SOC. The enlarged image of the light red rectangle announces the TDS and TI
states. (g) Calculated band dispersions along Γ¯-M¯ direction. Two bulk bands around Γ¯ point are marked as BB1 and BB2. (h) Zoom-in of the
region in the white box. Two surface states marked as SS1 and SS2 are part of the Dirac cone from TDS and TI, respectively.
ARPES measurements confirmed both of the predicted spin-
helical surface bands originated from TDS and TI states,
which are prospective to harbour Majorana zero modes and
Majorana flat bands in one single material. This titanium-
based oxypnictide superconductor which has the similar mul-
tiple topological states as iron-based superconductors would
provide another parallel but more practical playground for
comparative study on TSC.
Details on the sample growth method, first-principles cal-
culation and ARPES measurement and can be found in Note
1 to 3 in Supplemental Material (SM) [45]. The crystal struc-
ture of BaTi2Sb2O is illustrated in Fig. 1(a). It is composed
of [Ti2Sb2O]2+ octahedron layers, which are stacked with Ba
atoms along the c axis. Thus, the natural cleavage plane
should be parallel to the a-b plane and between two neigh-
bouring [Ti2Sb2O]2+ layers. The bulk and (001)-projected
surface Brillouin zones (BZs) of BaTi2Sb2O are shown in
Fig. 1(b). Fig. 1(c) displays the angle-integrated photoemis-
sion spectrum of BaTi2Sb2O over a large range of binding en-
ergy, in which we can clearly identify the Ba (4p and 4d),
Ti (3p) and Sb (4d) core levels, confirming the element com-
position of our samples. After cleaved in the air, the sample
shows typical flat and shining surface as illustrated in the inset
of Fig. 1(c). Besides, we present the Fermi surface (FS) map
obtained by ARPES in Fig. 1(d)(i), which clearly suggests
the square BZ with four-fold symmetry and is in remarkable
agreement with the calculation [Fig. 1(d)(ii)], further proving
its tetragonal crystal structure and (001) cleavage plane. In
addition, the sample exhibits a metallic temperature depen-
dence and shows zero resistance below Tc = 1.05 K [the inset
of Fig. 1(e)], in accordance with previous reports [46].
Fig. 1(f) declares the calculated band structure of
BaTi2Sb2O with the spin-orbit coupling (SOC). We concen-
trate on crossings of several bands around EF , which are high-
lighted by the light red rectangle with the enlarged image in
the right panel. These three bands belong to irreducible repre-
sentations Γ−6 , Γ
−
7 , and Γ
+
7 , respectively. The crossing of Γ
−
6 and
Γ−7 at an arbitrary kz along Γ-Z features a symmetry-protected
DP. Slightly lower in energy, Γ−7 and Γ
+
7 cross, leading to a
small gap. The distinct behavior of these two band crossings
stems from different mechanisms. BaTi2Sb2O belongs to the
space group no. 123, which respects the inversion symmetry
Iˆ. The joint operation of time-reversal (Tˆ ) and Iˆ promises
the Kramer’s double degeneracy everywhere in the BZ. In this
case, cˆ4, which leaves kz invariant along Γ-Z, protects a sta-
ble DP between Γ−6 and Γ
−
7 bands. However, as Γ
−
7 and Γ
+
7
share the same basis functions with the only difference on
their response to Iˆ, the two bands will unavoidably open a
gap when they cross. Such particular alignment of bands is es-
sential for BaTi2Sb2O to resemble the electronic structure of
iron-based superconductors which features a great potential to
coexist two distinct types of topological superconductivity in
one system, i.e., the one-dimensional Majorana fermion from
topological DPs and Majorana zero modes from the topolog-
ical insulator or DPs [42, 47]. To better understand the dif-
ferent symmetry-protection and gap opening mechanisms, we
compose a k · p model around the DP and the gap below with
cˆ4 and Tˆ Iˆ, see Note 4 in SM for more details [45].
The above two topological nontrivial states can be further
displayed in the surface states calculation along Γ¯-M¯. Here,
two bulk bands near Γ¯ are marked as BB1 and BB2, respec-
tively [Fig. 1(g)]. Moreover, by zooming in the region of the
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FIG. 2. (a) Intensity plot along Γ¯-M¯ direction with p-polarized 100 eV photons. Two bulk band (marked as BB1 and BB2) near Γ¯ point are
dominated. (b) Second derivative plot of kz dependent ARPES data along Γ-M direction with p-polarized photons at EF (i) and EF - 0.4 eV
(ii), which indicate the kz dispersion of BB1 and BB2, respectively. The yellow dashed lines are guide to corresponding periodic dispersion
along kz direction. (c) ARPES intensity plot along Γ¯-M¯ direction at different kz indicated by white dashed lines marked as Cut 1 to 4 in (b)
with hν = 94, 96, 98 and 100 eV p-polarized photons. (d) Second derivative plot of (c). Two vertical red arrows indicate the evolution of the
BB1 and the horizontal arrows indicates the evolution of the BB2. (e) Schematic of projected two Dirac cone from TDS and TI into the (km,
kz, E) space. The translucent planes indicate the ARPES measurements that intersect through the Dirac cone at different kz positions.
white box, we can identify two surface cone-like states, as
highlighted by dashed lines in Fig. 1(h). The upper one orig-
inates from the TDS and the lower one should be the TI sur-
face state. Although these two DPs are as close as ∼23 meV
and their overlapped states have gradually merged into bulk
states, we could still resolve the rest parts of these surface
states, which can be assigned as SS1 and SS2, respectively.
We note that these surface states are both below EF and thus
can be probed by ARPES without further carrier doping.
Experimentally, we first revealed both the TDS and TI bulk
states of BaTi2Sb2O. Due to considerable entanglement be-
tween the bulk and surface states around EF [Fig. 1(g)], we
took advantage of the matrix element effect to distinguish be-
tween them by using p- and s-polarized photons [35, 48]. The
detailed experiment geometry is shown in Fig. S2 and Note 5
in SM [45]. Fig. 2(a) exhibits the photoemisson intensity plot
along Γ¯-M¯ with p-polarized 100 eV photons, corresponding to
the kz plane nearly intersecting both predicted DPs [see details
in Fig. S3 and Note 6 in SM] [45]. We can directly identify
the predicted BB1 (TDS) and BB2 (TI) bulk bands around the
BZ center. Figs. 2(b)(i) and (ii) present second derivative pho-
toemission intensity maps on the km-kz plane [the km direction
is indicated in Fig. 1(b)] taken with p-polarized photons at
EF and EF - 0.4 eV, respectively. Both band dispersions with
apodictic periodic modulation along kz could be recognized,
confirming the bulk nature of BB1 and BB2. Furthermore, we
show four photoemission intensity plots taken at different kz as
schematically illustrated in Fig. 2(e), from Cut 1 [Fig. 2(c)(i)]
to Cut 4 [Fig. 2(c)(iv)]. The dispersion of BB2 varies from the
parabolic lineshape to quasi-linear, and the apex keeps drift-
ing up (highlighted by the yellow dashed line), showing the
typical feature of a TI bulk cone [Fig. 2(e)]. In addition, the
corresponding second derivative plots in Fig. 2(d)(i)-(iv) man-
ifest the gradual increase of the Fermi crossing and more lin-
ear dispersion when close to the DP, in accordance with the
predicted TDS feature of BB1 [Fig. 2(e)].
Next, we performed similar ARPES measurements but with
s-polarized photons to identify topological surface states of
BaTi2Sb2O. Fig. 3(a) shows the intensity plot along Γ¯-M¯ with
s-polarized photons. The predicted surface bands SS1 and
SS2 around Γ¯ were unambiguously revealed. Figs. 3(b)(i)
and (ii) represent second derivative intensity maps on the
km-kz plane with s-polarized photons taken at EF and EF -
0.4 eV, respectively. Our results demonstrate negligible kz
dispersions for both bands, suggesting that bulk states have
been significantly suppressed and surface states from TDS
and TI are dominating here. Fig. 3(c) displays the enlarged
second derivative plot of band structure in the red box of
Fig. 3(a). Together with the appended band dispersions (blue
and red dashed lines) extracted from the corresponding mo-
mentum distribution curves (MDCs) [Fig. 3(d)], we can well
distinguish between those cone-like surface states from TDS
and TI, in spite of rather small energy gap between these
dual topological states. Furthermore, as exhibited by second
derivative intensity plots in Figs. 3(e) and (f), detailed evolu-
tion of these surface cones along kx and km could be recog-
nized in evidence. The in-plane dispersion migrates appar-
ently deviating Γ at different kx and km positions, suggesting
that both surface DPs are exactly located at Γ¯.
Both surface cones originating from TI and TDS should
be spin-polarized, as suggested by our first-principles calcu-
lations [Fig. 4(a) and the inset]. Surface states from the upper
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part of TDS cone (SS1), the lower part (SS2) and extension
of TI cone (SS3) all suggest the same characteristic left-hand
spin helicity as Li(Fe,Co)As and most TIs, which is then fur-
ther confirmed by our constant-energy spin texture calcula-
tions shown in Fig. S4 and Note7 in SM [45]. We then used
spin-resolved ARPES to check these predictions. Here, for
easy comparison, we summarized the sketch of spin nature of
SS1 to SS3 in Fig. 4(b) according to calculations. Figs. 4(c)
and (d) show our photoemission intensity plots without and
with yˆ direction spin-resolved measurement in the same re-
gion under more surface sensitive s-polarized photons, respec-
tively. Evidently, for both TI and TDS surface cones, the left
hand parts of these cones show the opposite spin direction
to those of right hand parts, consistent with our calculations.
Moreover, as displayed in Figs. 4(e), spin-resolved MDCs
taken at EB = -0.03 eV (Cut 1), -0.18 eV (Cut 2) and -0.30
eV (Cut 3) intersecting SS1 to SS3 demonstrate strong spin
polarization up to 0.3. Meanwhile, MDCs of partial intensi-
ties along -yˆ and +yˆ at Cut 1 to 3 in Fig. 4(f) also support the
spin polarization result [see more details in Fig. S5 and Note
8 in SI] [45]. We note that these MDCs’ peaks (marked as
black arrows) indicate the exact momentum of surface bands,
which are consistent with general ARPES results in Fig. 4(c).
The coexistence of spin-helical topological surface states
and the bulk TDS in BaTi2Sb2O resembles that of
Li(Fe,Co)As. The DPs formed by the band inversion between
Ti-d and Sb-p stay slightly below EF , which naturally forms
a FS with parity mixing - a necessary ingredient for the emer-
gent TSC in TDS [47]. On the side surface, such as (010)
schematically shown in Fig. 4(h), the bulk DPs map to dif-
ferent surface nodes and there may exist Fermi arcs/loops be-
tween the two DPs [49]. They would be gapped by the prox-
imity to the superconductivity except for the four nodes along
Γ-Z and Γ-X, forming a zero energy Majorana mode. More
interestingly, the parity-mixing Fermi surface above the DPs,
as shown by the violet sphere in Fig. 4(h), would be gapped as
well. However, as long as the surface admits the mirror sym-
metry along y-direction, Majorana flat-bands will appear as
symmetry-protected TSC. Thus, BaTi2Sb2O, not belonging to
any existing iron-based superconductor family, provides an-
other exciting platform for exploring the proximity effect in
momentum space, which will greatly enrich the topological
TSC family and offer independent insights for examining the
current understanding of the TSC. Furthermore, compared to
Fe(Te,Se) and Li(Fe,Co)As, as no carrier doping is required
in BaTi2Sb2O, the perfect alignment of EF and DPs makes
it the so-far most promising candidate to detect multiple-type
TSC in one system, including the Majorana zero mode and the
surface flat-bands.
In fact, EF of BaTi2Sb2O can be easily tuned through the
Na content, and the TI/TDS bands can be separately accessed.
Since both these TI/TDS bands are dominated by Ti orbitals,
the doped Na would change the dispersion negligibly. Our
Na doping results [Fig. S6 and note 9 in SM] and other pre-
vious works have given an explicit adjustment of EF without
alteration of TI/TDS non-trivial topological states around Γ
point [45, 50]. Furthermore, the superconducting transition
temperature can be tuned consequently by Na doping, and the
Ba1−xNaxTi2Sb2O (0 ≤ x ≤ 0.33) is expected to achieve a max-
imum superconductivity critical temperature Tc = 5.5 K [51].
In summary, we have identified the symmetry protected
TDS, the TI states and their spin-momentum locking patterns
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in the titanium-based oxypnictide superconductor BaTi2Sb2O
by ARPES measurements in association with first-principles
calculations. The helical surface states from TDS which is in
the vicinity of EF could produce the Majorana zero mode and
Majorana flat band in this system. Therefore, BaTi2Sb2O is a
good platform to obtain various types of Majorana fermions
and further research of topological superconductivity.
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